The choroid of the eye is primarily a vascular structure supplying the outer retina. It has several unusual features: It contains large membrane-lined lacunae, which, at least in birds, function as part of the lymphatic drainage of the eye and which can change their volume dramatically, thereby changing the thickness of the choroid as much as four-fold over a few days (much less in primates). It contains nonvascular smooth muscle cells, especially behind the fovea, the contraction of which may thin the choroid, thereby opposing the thickening caused by expansion of the lacunae. It has intrinsic choroidal neurons, also mostly behind the central retina, which may control these muscles and may modulate choroidal blood flow as well. These neurons receive sympathetic, parasympathetic and nitrergic innervation.
Introduction
The choroid does not appear to be a mysterious tissue. It consists mostly of blood vessels, it supplies the outer retina, and choroidal defects cause degenerative changes and neovascularization. However, it is becoming increasingly evident that the choroid has at least three other functions: thermoregulation, adjustment of the position of the retina by changes in choroidal thickness, and secretion of growth factors. The last of these is likely to play an important role in emmetropizationethe adjustment of eye shape during growth to correct myopia or hyperopia. What remains mysterious, at present, are the mechanisms behind the changes in choroidal thickness, the nature of its secretory functions and the relationship between these two processes.
In this review, we will summarize the anatomy, histology, innervation and functions of the choroid, discuss the control of choroidal thickness by visual signals, show evidence for a secretory role for the choroid and speculate on the relationship between changes in choroidal thickness and ocular elongation, and therefore, emmetropization.
Structure and "classical" functions of the choroid
The choroid is the posterior part of the uvea, the middle tunic of the eye (Fig. 1) . The uvea develops from the mesenchyme surrounding the two vesicles that bud off the embryonic forebrain at the end of the first month in humans, eventually becoming the eyes. At about that time, melanocyte precursors migrate into the uvea from the neural crest; these do not differentiate into pigmented melanocytes until 7e8 months of gestation. The mesenchyme that forms the choriocapillaris at about 2 months must be in contact with the developing retinal pigment epithelium (RPE) in order to differentiate. Therefore, the choroid derives from different cell lines than do the retina and RPE, which both derive from the neural ectoderm. The choroid is comprised of blood vessels, melanocytes, fibroblasts, resident immunocompetent cells and supporting collagenous and elastic connective tissue. As one of the most highly vascularized tissues of the body, its main function has been traditionally viewed as supplying oxygen and nutrients to the outer retina, and, in species with avascular retinas, to the inner retina as well. Other likely functions include light absorption (in species with pigmented choroids), thermoregulation via heat dissipation, and modulation of intraocular pressure (IOP) via vasomotor control of blood flow. The choroid also plays an important role in the drainage of the aqueous humor from the anterior chamber, via the uveoscleral pathway. This pathway is responsible for approximately 35% of the drainage in humans, a higher percentage, between 40 and 60%, in non-human primates, and a much lower percentage in the cat (about 3%) and rabbit (3e8%) (Alm and Nilsson, 2009 ).
Histology of the choroid
The choroid extends from the margins of the optic nerve to the pars plana, where it continues anteriorly, becoming the ciliary body. Its innermost layer is the complex 5-laminar structure of Bruch's membrane, and its outermost one is the suprachoroid outside of which is the suprachoroidal space between choroid and sclera.
Histologically, the choroid has variously been divided into 4e6 layers, depending on whether the vascular region is considered as 1 or 2 layers (Sattler's and Haller's), and whether the lamina fusca is considered to be of scleral or choroidal origin. It is most commonly described as five layers: starting from the retinal (inner) side, these are Bruch's membrane, the choroiocapillaris, the two vascular layers (Haller's and Sattler's), and the suprachoroidea ( Fig. 2A and B) (Hogan et al., 1971) .
In humans, the choroid is approximately 200 mm thick at birth and decreases to about 80 mm by age 90 (Ramrattan et al., 1994) .
In non-human primates, the choroid is thinner, approximately 95 mm at the fovea, thinning to 55 mm at the periphery (Krebs and Krebs, 1991) . In chickens, it is about 250 mm thick in the center under normal visual conditions Nickla et al., 1998) , thinning to about 100 mm in the periphery . Large melanocytes are abundant in the primate choroid, imparting a dark pigmentation (Krebs and Krebs, 1991) . In other species, such as birds, only sparse melanocytes are present in the outer choroid, resulting in lighter pigmentation (De Stefano and Mugnaini, 1997 ) (although there is variability in pigmentation among avian groups).
Choriocapillaris
The choriocapillaris is a highly anastomosed network of capillaries, forming a thin sheet apposed to Bruch's membrane (Fig. 3A) . The fibrous basement membrane of the capillary endothelial cells forms the outermost layer of Bruch's membrane in humans.
The choriocapillaris is about 10 mm thick at the fovea, where there is the greatest density of capillaries, thinning to about 7 mm in the periphery. The capillaries arise from the arterioles in Sattler's layer, each of which gives rise to a hexagonal (or lobular)-shaped domain of a single layer of capillaries, giving a patch-like structure to the choriocapillaris (Fig. 3B) . The capillaries are fenestrated and, in humans, are relatively large in diameter (20e40 mm), although possessing passages narrow enough to hinder the flow of 9 mm spheres (Bill et al., 1983) . Because of the large area of the choriocapillaris, the velocity of red blood cells here is only about 77% that of the velocity of red blood cells in the retinal capillaries (Wajer et al., 2000) . In birds, the capillaries are polarized, with the fenestrations almost exclusively facing the retina (De Stefano and Mugnaini, 1997) ; in primates, this is mainly true, although there are a few fenestrations on the outer walls (McLeod et al., 2009 ). The fenestrated capillaries are highly permeable to proteins, contributing to the high oncotic pressure in the extravascular stroma, which fosters the movement of fluids from the retina to the choroid.
Adjacent to Sattler's layer at the outer choriocapillaris there is a fibrous layer which is attached to the outer fibrous layer of Bruch's membrane by columns of collagen fibers running between the capillaries; these columns (or "pillars") may function to keep the capillary diameters constant (at least in primates) (Krebs and Krebs, 1991) . Finally, the innermost choroidal layer is Bruch's membrane, a 5-layered structure consisting of (from outer to inner): basement membrane of the choroiocapillaris, outer collagenous zone, elastic layer, inner collagenous zone, and basement membrane of .the retinal pigment epithelium.
Choroidal vascular layers and suprachoroid
The vascular region of the choroid consists of the outer Haller's layer of large blood vessels and the inner Sattler's layer of medium and small arteries and arterioles that feed the capillary network, and veins (Fig. 2) . The stroma (extravascular tissue) contains collagen and elastic fibers, fibroblasts, non-vascular smooth muscle cells and numerous very large melanocytes that are closely-apposed to the blood vessels. As in other types of connective tissue, there are numerous mast cells, macrophages, and lymphocytes.
The suprachoroid is a transitional zone between choroid and sclera containing elements of both e collagen fibers, fibroblasts and melanocytes. In primates Krebs, 1988, 1991) , birds (De Stefano and Mugnaini, 1997; Junghans et al., 1998; Liang et al., 2004) , and rabbits (Gomez et al., 1988) , this layer contains large, endothelium-lined spaces (referred to as "lacunae" in the avian literature), which empty into veins (Fine and Yanoff, 1979; Krebs and Krebs, 1988; De Stefano and Mugnaini, 1997) . These presumably lymphatic structures will be discussed in more detail under "Special characteristic features of the choroid."
The lamina fusca is the outermost layer of the suprachoroid (Fig. 4A ), approximately 30 mm thick, consisting of several layers of closely-apposed, flattened fusiform melanocytes and fibroblastlike cells (Fig. 4B) , with interspersed bundles of myelinated axons (De Stefano and Mugnaini, 1997) . 1 The fibroblast-like cells form sheaths, or plates, that are connected to one another by adhering and occluding junctions (Krebs and Krebs, 1988) . These cells synthesize and secrete the usual extracellular matrix components elastin, collagens and proteoglycans. The function of the melanocytes, apart from providing pigmentation, is unknown. However, their membranes contain endothelin-B receptors, which may mediate the endothelin 1 e induced influx of calcium ions (Hirose et al., 2007) , the functional implications of which are also not known.
Innervation of the choroid
The smooth muscle of the vessel walls of the choroid, like those of skeletal and cardiac muscle blood vessels, are innervated by both divisions of the autonomic nervous system, which form dense plexuses of fibers around the vessels ("perivascular plexus"). Axon terminals are also found throughout the stroma, terminating on non-vascular smooth muscle, intrinsic choroidal neurons (ICNs), and possibly other cell types. There are also primary afferent sensory fibers that project to the trigeminal ganglion via the ophthalmic nerve; some of these give rise to peptide-positive collaterals (May et al., 2004 ) that terminate on and around the vessels and intrinsic choroidal neurons (Schrödl et al., 2001a; Schrödl et al., 2003) .
Parasympathetic innervation
In mammals, the main parasympathetic input to the choroid originates from the pterygopalatine ganglion (Ruskell, 1971; Uddman et al., 1980; Bill, 1985 Bill, , 1991 Stone, 1986; Stone et al., 1987) , located within the pterygopalatine fossa or its equivalent. These fibers are predominantly cholinergic and are rich in the vasodilators vasoactive intestinal polypeptide (VIP) and nitric oxide (NO) (Uddman et al., 1980; Stone et al., 1987; Yamamoto et al., 1993a,b; Alm et al., 1995) ( Fig. 5A and B) . Although there is some physiological evidence for innervation from the ciliary ganglion Stjernschantz et al., 1976; Gherezghiher et al., 1990; Nakanome et al., 1995) , this has not been documented anatomically.
In birds, on the other hand, the main parasympathetic innervation originates from a well-defined region of the ciliary ganglion, which receives input from the medial aspect of the Edinger-Westphal nucleus (Reiner et al., 1983 (Reiner et al., , 1991 Fitzgerald et al., 1990; Fitzgerald et al., 1996) . These ciliary "choroid" neurons release somatostatin (Gray et al., 1989; Epstein et al., 1988; De Stefano et al., 1993; Schrödl et al., 2006) in addition to acetylcholine (Meriney and Pilar, 1987; Reiner et al., 1991; Cuthbertson et al., 1996) and nitric oxide (Sun et al., 1994) . The other source of parasympathetic innervation is from the pterygopalatine ganglia, which in birds are an interconnected series of microganglia located adjacent to the Harderian gland on the nasal side of the orbit (Baumel, 1975; Nickel et al., 1977; Gienc and Kuder, 1985) (Fig. 5C ). Two major microganglia are located along the superior aspect of the Harderian gland, the larger of these more rostrally (Cuthbertson et al., 1997) . There are also numerous small microganglia, distributed along the upper, medial and lateral aspects of the gland. The preganglionic input to the pterygopalatine is called the radix autonomica (N VII). The pterygopalatine neurons are positive for VIP (Walcott et al., 1989; Cuthbertson et al., 1997) , nitric oxide and choline acetyltransferase (ChAT) (Cuthbertson et al., 1997; Schrödl et al., 2006) . In all species studied, parasympathetic fibers terminate on vessels in perivascular plexuses (Fig. 5D) , and mediate increases in blood flow by vasodilation. These fibers also terminate on non-vascular smooth muscle cells and intrinsic choroidal neurons.
Sympathetic innervation
The sympathetic innervation of the choroid comes from the superior cervical ganglion (Kirby et al., 1978; Guglielmone and Cantino, 1982; Bill, 1985) . These noradrenergic neurons terminate on the blood vessels and mediate vasoconstriction. In birds, the sympathetics also innervate non-vascular smooth muscle (Guglielmone and Cantino, 1982; Poukens et al., 1998) and intrinsic choroidal neurons (Schrödl et al., 2001b) , the same targets as the parasympathetic system. Schrödl et al. (2001a,b) have speculated that the intrinsic choroidal neurons may act as intermediaries in the sympathetic system between the post-ganglionic neurons and the muscle, and increase smooth muscle tone, although the effects of noradrenaline on the ICNs and non-vascular smooth muscle are unknown.
Sensory innervation
Many organs, including the eye, have been shown to use peptides such as substance-P and calcitonin-gene-related peptide in a pre-central reflex arc, or axon reflex, a non-synaptic response in which a local stimulus (chemical or mechanical) depolarizes a sensory terminal which travels to the nearest collateral (branch), releasing the peptide onto the effector tissue (reviews : Holzer, 1988; Bill, 1991) . Evidence for this reflex has been found in the primary sensory afferents from the trigeminal ganglion in the uvea and choroid, which use both peptides; the reflex may mediate changes in blood flow or a variety of other functions. For instance, in both mammals and birds, sensory fibers projecting to the trigeminal ganglion from the choroid via the ophthalmic branch of the trigeminal nerve elicit vasodilation (Shih et al., 1999b) . These terminals are positive for substance-P and calcitonin-gene-related peptide (Stone, 1985; Reiner, 1987; Stone and McGlinn, 1988) ; other vasoactive peptides such as cholecystokinin are also found, differing between species (Bill, 1991) . Recent work has shown that these primary afferents also contact the intrinsic choroidal neurons, which are believed to be analogous to the intrinsic neurons in the enteric nervous system which function as local signal integrators responding to local mechanical, thermal or chemical stimuli (Schrödl et al., 2001a First described from choroids of higher primates including man (Mueller, 1859) , intrinsic choroidal neurons are present in primates (humans and monkeys : Flugel et al., 1994; May et al., 1997; Bergua et al., 2003; Schrödl et al., 2003; May et al., 2004) , tree shrews: (Flugel et al., 1994) and birds (Bergua et al., 1996 Schrödl et al., 2004; review: Schrödl, 2009 ), but are scarce or absent in rats, rabbits and cats (Flugel et al., 1994) . In humans, ICNs are especially numerous: choroids have approximately 2000 per eye, largely concentrated in the temporal and central regions, decreasing towards the periphery. In other primates, the numbers are lower, about 500 per eye, and are more evenly distributed than those of humans. In birds, the numbers vary, from fewer than 1000 in quail and ducks, to about 6000 in geese (Schrödl et al., 2004) . These neurons are usually small (between 20 and 40 mm) and multipolar. In all species, most ICNs are positive for NADPH-diaphorase and/ or neuronal nitric oxide synthase (nNOS) (Flugel et al., 1994; Bergua et al., 1996 Bergua et al., , 1998 Cuthbertson et al., 1997) , indicating that they use nitric oxide as a transmitter (Fig. 6A ). Many are also positive for VIP (Miller et al., 1983; Flugel et al., 1994; Cuthbertson et al., 1997) (Fig. 6B) . In humans, about half the population are positive for calretinin (May et al., 2004) . There is evidence that these neurons receive both sympathetic and parasympathetic innervation: They are contacted by boutons that are positive for both tyrosine hydroxylase and dopamine-B-hydroxylase, which in combination are a marker for post-ganglionic sympathetic neurons or collaterals; in addition they are contacted by boutons that are positive for nNOS and VIP, indicating inter-ICN connectivity and/or input from the pterygopalatine ganglia. Now, 150 years after their discovery, the functions of the ICNs remain unknown. They probably play a role in blood flow regulation because they terminate on the muscle walls of arteries (Meriney and Pilar, 1987; Flugel-Koch et al., 1996) and because they release NO, a potent vasodilator. Furthermore, because they are found adjacent to the non-vascular smooth muscle that span the stroma and suprachoroid around the large lymphatic lacunae and may innervate these muscles, it is possible that these cells are involved in changing the choroidal thickness in response to retinal defocus (Poukens et al., 1998) , a topic which will be further discussed.
Non-vascular smooth muscle
Non-vascular smooth muscle cells were first described in human choroids by Mueller (1859) . Subsequent work has found them in the choroids of birds (Kajikawa, 1923; Walls, 1942; Guglielmone and Cantino, 1982; Meriney and Pilar, 1987; Wallman et al., 1995) , in which they are found in the stroma. These have been hypothesized to play a role in the changes in choroidal thickness in response to retinal defocus .
In mammals, non-vascular smooth muscle cells have been found in primates (Krebs and Krebs, 1991; Flugel-Koch et al., 1996; Poukens et al.,1998) and rabbits (Haddad et al., 2001 ), but are absent in dog, cat, rat, tree shrew, pig and cow (May, 2003) . Among primates, the number of smooth muscle cells are higher in species with welldefined foveas (May, 2003) . These non-vascular smooth muscle cells are sometimes referred to as myofibroblasts, and are positive for a-actin. In primates, they are found in two populations: in the suprachoroid, forming a reticulum of flattened lamellae, and in a single layer immediately beneath and parallel to Bruch's membrane. In the suprachoroid, the lamellae run obliquely to the choroidal surface between "spaces", presumably lacunae ( Fig. 7A) (Poukens et al., 1998) . Non-vascular smooth muscle cells are concentrated beneath the fovea and are sparcer anteriorly (although in a few cases connections with ciliary muscle fibers were seen). In the rabbit, they are arranged in bundles of up to 20 cell layers, running along the longitudinal axis of blood vessels (Haddad et al., 2001) , possibly indicating a role in the choroidal blood flow autoregulation shown in this species (Kiel and Shepherd, 1992) . Neighboring non-vascular smooth muscle cells are connected by zonula adherens, forming a syncytium, with their organelles clustered around the nucleus. These cells were identified as regular smooth muscle, as opposed to myofibroblasts (Haddad et al., 2001) , which typically appear as isolated cells, do not have junctional complexes, nor are their organelles clustered near the nucleus. In birds, non-vascular smooth muscle cells are found in both the suprachoroid and the vascular layer Fig. 7B) . The arrangement of the non-vascular smooth muscle oblique or tangential to the surface, between the lacunae, makes it plausible that they might play a role in the changes in choroidal thickness in response to retinal defocus, to be discussed later.
The predominant sub-foveal localization has suggested to Flugel- Koch et al. (1996) that these cells may stabilize the position of the fovea against movement caused by the contracting ciliary muscle during accommodation. It is not certain whether these contractile cells are controlled by the autonomic nervous system, but the presence of nerve terminals positive for NADPH-diaphorase or tyrosine hydoxylase in close proximity suggests inputs from both parasympathetic nitrergic and sympathetic adrenergic systems (Poukens et al., 1998) . is not typical smooth muscle, but is classified as myofibroblast, a cell type intermediate between smooth muscle and fibroblasts, and not widely present in the body except around the lumena of glands. One distinguishing characteristic is the absence of the intermediate filament desmin found in "regular" smooth muscle (Flugel-Koch et al., 1996) .
In the Poukens et al. (1998) study of primate choroids, the nonvascular smooth muscle cells were identified as predominantly myofibroblasts. These were arranged in flattened lamellae in the suprachoroid, oblique to the choroidal surface, between which were fluid-filled lacunae. In the inner part of the choroid they ran parallel to Bruch's membrane in the sub-foveal inner choriocapillaris. Similarly, Flugel-Koch et al. (1996) describe a network of a-actin-positive but desmin-negative, spindle-to star-shaped myofibroblasts in the suprachoroid, which were connected to an elastic fiber net of the stroma and to the adventitia of the vessels. Again, the arrangement was densest in the submacular region.
In contrast, an immunohistochemical study of 42 human eyes of a wide range of ages described all of the non-vascular smooth muscle cells as typical smooth muscle (May, 2005) , based on the expression in these of the protein smoothelin, which is not expressed in myofibroblasts (van der Loop et al., 1996; Bar et al., 2002) . The cells also stain for a-myosin, a-actin and caldesmon, markers for contractibility. The smooth muscles were located in three distinct subgroups: (1) in the suprachoroid and sclera forming a semi-circle around the entering posterior ciliary arteries, (2) in the outer vascular choroid (Haller's) between large blood vessels in the posterior segment, and (3) in the suprachoroid of the foveal region of the temporal quadrant, where they form dense plaques. Interestingly, this third group showed the greatest inter-individual variation, being extremely numerous in some people but absent in others. It was speculated that the location and variability of this population may indicate a visual function, as opposed to a vascular one, although without corroborating evidence (May, 2005) .
Fluid-filled lacunae: lymphatics
Large, fluid-filled lacunae in the choroid were first observed over 50 years ago by Walls (1942) . In 1987, Meriney & Pilar described fluid-filled lacunae in the stroma of chicken choroids that were connected to arterioles, and suggested that they functioned as a drainage reservoir involved in regulating IOP (Meriney and Pilar, 1987) . Although the authors did not distinguish between the stroma and the suprachoroid, the photomicrographs show them in the suprachoroid as well. In 1997, a careful and thorough EM investigation of the chicken choroid showed that very large, endothelium-lined lacunae are present in the suprachoroid, continuing as smaller ones in the stroma of the vascular layers and ending in the choriocapillaris as blind-end structures (Fig. 8; De Stefano and Mugnaini, 1997) . These structures were identified as true lymphatics based on (1) the endothelial lining being extremely thin, with elaborate junctional complexes, pinocytotic vesicles, and large fenestrations, all ultrastructural characteristics of lymphoendothelium (De Stefano and Mugnaini, 1997) (Krebs and Krebs, 1988; Junghans et al., 1998) , and (2) paracentesis (draining the anterior chamber) resulting in the backflow of blood cells into these spaces, indicating a connection with the venous system (De Stefano and Mugnaini, 1997) . These lymphatic spaces are surrounded by lamellae of elastin fibers and nerves, and very large melanocytes.
It was presumed at the time of their discovery that these lacunae were a peculiarity of the bird eye. Indeed, the traditional view is that the primate eye does not contain a lymphatic drainage system (Bill, 1975) , although the conjunctiva and eyelids drain into the submandibular and parotid lymph nodes (Wobig, 1981) . However, some more recent work has described lymphatics in the baboon and macaque choroids (Krebs and Krebs, 1988; Sugita and Inokuchi, 1992; Poukens et al., 1998) , which allegedly had been dismissed by earlier anatomists as artifacts. In these primates, the lymphatics are located both in the stroma, between arteries and veins, and in the suprachoroid (in the Japanese monkey (Macaca fuscata) they were found in the "outer choroid" (Sugita and Inokuchi, 1992) ). In man, one study describes these lymphatics in the suprachoroid (Poukens et al., 1998) . It should be emphasized, however, that the identification of these spaces as lymphatics in primate choroids, especially humans, is still controversial. For instance, Schrödl et al. (2008) found that LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1) and podoplanin, two markers for lymphatic endothelium, were absent in the vessel walls of the human choroid, although the same antibody labeled them in choroidal macrophages. On the other hand, positive labeling for both of these markers on vessel endothelium in the human ciliary body supports the existence of lymphatics in the primate uvea, perhaps affecting fluid dynamics via the uveoscleral outflow (Yücel et al., 2009 ). Regardless of their anatomical identity, these fluid reservoirs are the subject of interest because of evidence that they may contribute to the changes in choroidal thickness found in response to retinal defocus Junghans et al., 1998 Junghans et al., , 1999 Pendrak et al., 1998; Liang et al., 2004) , a topic to be discussed later.
Choroidal blood flow: nourishment of the retina
Despite the conspicuousness of the retinal blood vessels, the major blood supply to the retina is the choroid. Because the photoreceptors are extremely metabolically active, especially in darkness, when the light-gated ion channels are open, and active transport of ions is required to maintain ion homeostasis, over 90% of the oxygen delivered to the retina is consumed by the photoreceptors. In darkness, ninety percent of the oxygen comes from the choroidal circulation (Linsenmeier et al., 1981; Bill et al., 1983; Linsenmeier and Braun, 1992) . To obtain this high transport of oxygen from the choroid, despite the barriers of Bruch's membrane and the retinal pigment epithelium, requires a steep gradient of oxygen tension, which is maintained by the high blood flow in the choroid, probably the highest of any tissue in the body per unit tissue weight, ten-fold higher than the brain (Alm and Bill, 1973; Alm, 1992) . Consequently, the oxygen tension in the choroid stays high, with an arterial/venous difference of only 3% versus 38% for the retinal circulation. In many species, the choroidal circulation supplies the inner retina, as well as the outer retina, because retinal blood vessels are absent (e.g., guinea pig) or sparse (e.g., rabbit) (Yu and Cringle, 2001) . In guinea pigs, oxygen tension shows a steep decline, to almost 0 mm Hg, within about 70 mm of Bruch's membrane (Yu and Cringle, 2001) ; hence the inner retina functions in an anoxic environment, sustainable by anaerobic respiration. In contrast, in humans and other species with vascular retinas such as rats, the retinal vessels keep the inner retinal PO 2 at about 20 mm Hg ( Fig. 9 ; Yu and Cringle, 2001 ) (Wangsa-Wirawan and Linsenmeier, 2003) . In all species, the oxygen tension of the inner retina is much lower than that at the photoreceptors (review: Yu and Cringle, 2001) .
In birds, a specialized vascular structure, the pecten, which projects into the vitreous from the optic nerve head, provides a supplemental oxygen supply to the inner retina (Wingstrand and Munk, 1965) . Torsional oscillations of the eye during saccadic eye movements facilitate the diffusion of oxygen and nutrients across the retina by bulk flow (Pettigrew et al., 1990 ), a mechanism aided by the liquid phase of the vitreous being adjacent to the retina.
In the retina, the capillaries are the continuous type (the walls have no fenestrations), constituting the blood-ocular barrier, and are impermeable to even small molecular weight molecules such as glucose and amino acids, which require special transport systems to move them across the endothelium. The choroidal circulation is crucial in supplying nutrients as well as oxygen because the capillaries of the choroid are fenestrated, with especially large pores. These fenestrations have a high permeability not only to glucose but to low molecular weight substances such as albumen and myoglobulin. It was estimated that more than 50% of molecules the size of glucose or amino acids can pass through the fenestrations into the extracellular tissue, creating a very high glucose concentration there, thereby facilitating transport across the RPE to the retina (Bill et al., 1980) . The high protein permeability of the choriocapillaris also allows the establishment of a high oncotic pressure, presumably contributing to movement offluid out of the retina through the stroma and suprachoroid, and out the sclera (Bill, 1962; Marmor et al., 1980) .
Does the choroidal blood flow exhibit autoregulation?
In most tissues of the body, blood flow is autoregulated, in that fluctuations in perfusion pressure (arterial minus venous pressure) do not cause proportional changes in blood flow because of compensatory dilation or constriction of the arterioles, metarterioles, and capillary sphincters, mediated locally. As a consequence, blood flow returns to normal in a short time after the pressure changes. Both the retinal circulation and the anterior uveal circulation exhibit autoregulation in response to fluctuations in systemic oxygen levels, IOP or blood pressure, maintaining oxygen tension at a constant level. Failure of the retinal circulation to autoregulate could lead to hypoxia and neovascularization, as occurs in diabetic retinopathy and in retinopathy of prematurity.
It has long been held that, in contrast to the retina and anterior uvea, the choroidal blood flow does not exhibit autoregulation (review: Delaey and Van De Voorde, 2000) . The purported reason is that the high choroidal blood flow and low oxygen extraction precludes the need for it. However, this is still the subject of debate. In rabbits, for instance, when mean arterial pressure was decreased by partial occlusion of the thoracic vena cava, choroidal blood flow was maintained at control levels, possibly by a myogenic or vasomotor response (Kiel and Shepherd, 1992) . A similar autoregulation was found in the pigeon, when arterial blood pressure was reduced by blood withdrawal (Reiner et al., 2003) .
In human choroids as well, recent studies have found varying degrees of autoregulation. For example, changes in blood flow induced either by decreases in perfusion pressure elicited by step increases in IOP (Riva et al., 1997b) , or by increases in perfusion pressure induced by isometric exercises (Riva et al., 1997a; Lovasik et al., 2003; Polska et al., 2007) were not linearly related to the changes in perfusion pressure, indicating some degree of autoregulation. By the same token, increases in arterial carbon dioxide tension resulted in increases in choroidal blood flow of approximately 1.5% per mm Hg P CO2 (Geiser et al., 2000) .
Choroidal blood flow: thermoregulation of the retina?
One proposed function of the extremely high blood flow of the choroid is that it protects the retina from damage in extreme hot or cold temperatures or from the heat generated during exposure to bright lights (Parver et al., 1980; Parver et al., 1982a,b; Bill et al., 1983) by acting as a heat source in the cold (maintaining retinal temperature near core temperature) or as a heat sink for exogenous thermal radiation. In monkeys and rabbits, it was found that increasing the IOP to above the mean arterial pressure (thus preventing choroidal blood flow) under low ambient illumination resulted in a significant decrease in the temperature of the retina and choroid in the macula region (Bill, 1962) . This was interpreted as showing that the choroid acts as a heat source for the retina under low illumination, when heat is lost through the cooler anterior chamber. Conversely, when flow was occluded under higher illumination, there was an increase in choroidal temperature, indicating the loss of the flow to the choroid acting as a heat sink (Parver et al., 1982a,b) .
Although protection from these temperature changes could occur passively because of the high choroidal blood flow, as would be expected from the classical view that the choroidal circulation does not autoregulate, they could also be mediated by reflexive increases in choroidal blood flow in response to a stimulus (Parver, 1991) . In addition to any tissue-level (local) autoregulation, there is evidence in humans and non-human primates for a centrallycontrolled reflex arc regulating choroidal flow: In cynomolgus monkeys, increasing light intensity under constant IOP resulted in an increase in retinal/choroidal temperature and in choroidal blood flow (Parver et al., 1982a,b) . In humans, ocular surface temperature increases in response to increased light intensity, which may imply that choroidal blood flow is increased as well under these conditions (Parver et al., 1983) . In birds, changes in light intensity mediate reflexive changes in choroidal blood flow, which may or may not be thermoregulatory . The nature of the thermal sensory receptors and the pathways mediating the reflex arc are both as yet unknown.
This view of temperature regulation by the choroid is not, however, universally accepted. An argument can be made that the light-evoked increase in choroidal/retinal temperature of 0.4 C with IOP held constant is evidence for a lack of thermoregulation and not the opposite. Furthermore, core body temperature shows fluctuations normally as large as those retinal ones measured under conditions of raised IOP and increased light intensity, hence it would be unlikely that core temperature would maintain a stable retinal temperature.
Choroid and pathology: age-related macular degeneration
Because water and ions, as well as nutrients and plasma-borne protein molecules, move in both directions across Bruch's membrane, impairment of this movement in some disease states and in the normal aging process can have serious consequences for visual function. In the normal process of aging, a thickening of Bruch's membrane and buildup of materials in the inner collagenous layer results in a decrease in water permeability; this is also seen in age-related macular degeneration (AMD), the cause of 70% of blindness (Zarbin, 1998 (Zarbin, , 2004 . Impaired diffusion across Bruch's membrane may result in impaired diffusion of waste products from the RPE and impaired delivery of hormones and oxygen to the RPE, eventually leading to atrophy of the RPE and retina. The thickness of the choriocapillaris and the capillary lumen diameters also decrease with age and AMD (Ramrattan et al., 1994; however, see Spraul et al., 1999) . If a decrease in choroidal blood flow results in decreased clearance of debris from the RPE cells, this might contribute to the pathological changes in Bruch's membrane that accompany AMD. It is also possible, however, that the RPE degeneration is the primary factor in the underlying deterioration of the choroid.
In the atrophic (dry) form of AMD the submacular choriocapillaris degenerates; it is unknown if this is a cause or consequence of the inflammatory response that causes the pathologic changes in the choroidal/RPE extracellular matrix (Zarbin, 2004) . However, recent evidence showing a close association between degeneration of the RPE and that of the underlying choriocapillaris suggests that atrophy of the RPE occurs first (McLeod et al., 2009 ). In the exudative (wet) form of AMD there is choroidal neovascularization, which often leads to hemorrhage and retinal detachment. This neovascularization has been hypothesized to be the result of the RPE responding to the oxidative stress by synthesizing vascular growth factors such as vascular endothelial growth factor (VEGF). In this form of AMD, choriocapillaris degeneration initially occurs in the presence of a viable RPE, suggesting that the neovascularization associated with it is a response to the ischemia induced by the primary capillary degeneration, with subsequent effects on the RPE (McLeod et al., 2009 ).
Modulation of choroidal thickness
Long ago, it was suggested that the choroid might participate in refractive adjustment as a slow accommodative mechanism (Kajikawa, 1923; Walls, 1942) . Over 50 years later, renewed interest in the choroid was sparked by the confirmation of this hypothesis by showing that, in chickens, the choroid can increase its thickness in response to myopic defocus (image focused in front of the retina) by as much as 1 mm (>17 D) pushing the retina towards the image plane and compensating for much of the imposed refractive error (Fig. 10AeC) . This occurs in situations that impose myopic defocus either by the wearing of positive spectacle lenses or by removing the diffuser from an eye that had developed form deprivation-induced myopia. The opposite happens in response to hyperopic defocus (image focused behind the retina by negative spectacle lenses): the choroid thins. Although the amount of thinning is more limited by mechanical constraints than that for thickening, there is a monotonic response between about À15 D to þ15 D (Fig. 10D) . The major anatomical correlate of the increase in thickness is a great expansion of the lacunae, which can change by approximately 3-fold over the course of 5 days ( Fig. 10B and C) Junghans et al., 1999) , reducing the myopia by about 7 diopters in eyes wearing þ15 D lenses . This response is very rapid: 100 mm changes are seen within several hours of the imposed defocus (Kee et al., 2001; Zhu et al., 2005; Nickla, 2007) , and so it is intermediate in speed between accommodation and the growthrelated changes in the length of the eye. Furthermore, the response is local, in that if only one half of the retina experiences myopic defocus, only the choroid underlying that part thickens . Although large increases in choroidal thickness on the order of hundreds of microns have thus far only been documented in chickens, bidirectional but smaller changes are found in marmosets ( Fig. 11A ; Troilo et al., 2000) guinea pigs ( Fig. 11B ; Howlett and McFadden, 2009 ) and macaques ( Fig. 11C ; Hung et al., 2000) . In addition to the modulation of choroidal thickness by refractive state, there is also a diurnal modulation of choroidal thickness, with the choroid being maximally thick at about midnight and thinnest at noon, with a peak-to-peak amplitude of 40 mm ( Fig. 12 ; Nickla et al., 1998; Papastergiou et al., 1998 ; but also see Tian and Wildsoet, 2006) . This rhythm free-runs in constant darkness, indicating that it is driven by a circadian oscillator (Nickla, 2006) .
Possible mechanisms underlying choroidal thickness changes
What could make the choroid increase its thickness by 50% in an hour, and quadruple its thickness in a few days? Because most of the expansion is of the lacunae Junghans et al., 1999) , four hypotheses propose redistribution of fluid as the cause. First, it is possible that the increase in thickness is due to an increased synthesis of large, osmotically active proteoglycans, which would pull water into the choroid. Second, it could be the result of an increase in the size or number of the fenestrations in the choriocapillaris, which could similarly increase the amount of osmotically active molecules in the choroidal matrix. Third, fluid could enter the choroid as part of the drainage from the anterior chamber. Fourth, the fluid could be a result of altered transport of fluid from the retina across the RPE. Finally, in addition to other processes, changes in the tonus of the non-vascular smooth muscle that spans the width of the choroid in both birds and primates might play a role. It is likely that more than one of these is involved.
Changes in the synthesis of osmotically active molecules
Because water is most commonly moved by moving osmotically active molecules, the most likely mechanism of choroidal expansion is by changing the tonicity of the choroid. This hypothesis is supported by the finding that choroids that are rapidly thickening because the eyes are recovering from form deprivation-induced myopia synthesize significantly higher amounts of proteoglycans than choroids from normal eyes (Fig. 13) . Similarly, thickening choroids of eyes responding to myopic defocus induced by þ15 D lenses synthesize greater amounts of proteoglycans than those wearing plano lenses, and thinning choroids of eyes responding to hyperopic defocus induced by À15 D lenses synthesize significantly less (Nickla et al., 1997) (Fig. 13) . These large, highly sulfated, anionic molecules are extremely hydrophilic and function as "sponges" in extracellular tissues; increasing their synthesis could therefore cause changes in choroidal thickness. However, the relatively modest differences (less than two-fold) in proteoglycan synthesis between the choroids of eyes wearing positive versus negative lenses cast doubt on whether this mechanism is likely to be the primary one. It is also unknown whether the proteoglycans synthesized are located in the lacunae, the choroidal component that expands during choroidal thickening. In this regard it should be noted that Pendrak et al. (2000) found no difference in the amount of sulfated proteoglycans in suprachoroidal fluid from recovering versus form-deprived eyes.
Changes in vascular permeability
Another way that the choroid could thicken is by an increased flux of fluid from the choroidal vasculature resulting from an increase in capillary permeability causing proteins to move into the extracellular matrix and/or lymphatics, followed by passive fluid flow (Junghans et al., 1999; Pendrak et al., 2000; Summers Rada and Palmer, 2007) . Pendrak et al. (2000) found that the protein content in the suprachoroidal fluid (perhaps from the lacunae) decreased in choroids experimentally thinned by prior form deprivation, and increased by 30% in choroids thickened by the restoration of vision. In support of this hypothesis, chicks form-deprived for four weeks by lid-suture showed a decrease in the number of fenestrations facing Bruch's membrane in the choriocapillaris (Hirata and Negi, 1998) . Furthermore, intravenous injections of fluorescein-dextran resulted in a larger amount found in the choroids of recovering eyes compared to form-deprived or normal choroids, providing further evidence of increased vascular permeability to large molecules (Pendrak et al., 2000) . Similarly, Summers Rada and Palmer (2007) found an increase in albumen in the suprachoroidal fluid of eyes recovering from form-deprivation myopia (and hence with thicker choroids), and a decrease in form-deprived eyes (thinner choroids). These studies conclude that changes in the vascular permeability to plasma proteins play a role in the changes in choroidal thickness.
Increases in fluid flux from the anterior chamber to the choroid
Because the choroid is part of the uveoscleral outflow pathway, changes in the amount of aqueous humor shunted through the ciliary muscle to the choroid could account for the increase in the size of the lacunae seen in eyes responding to myopic defocus. Evidence that the choroidal lacunae are connected to the anterior chamber comes from two studies. First, injections of horseradish peroxidase into the anterior chamber resulted in the tracer molecule being found in the lymphatic lacunae of the suprachoroid 4 h later . Similarly, Pendrak et al. (1998) found that a small amount of fluorescein-dextran injected into the anterior chamber appeared in the suprachoroid, although the authors speculate that this could have been due to artifactual disruption of the intraocular barriers. They also point out that one would expect that the increased aqueous flow in thickening choroids would dilute the proteins in the suprachoroidal fluid, whereas the opposite occurred. Because passage through the ciliary muscle is considered the rate-limiting step in uveoscleral outflow (Alm and Nilsson, 2009 ), a hypothesis that would couple the visual stimulus of retinal defocus to changes in the efficacy of the diffusional barrier of the ciliary muscle would be required.
Movement of fluid across the RPE
Because there is a continuous flow of ions and water across the retina and RPE into the choroid (review: Rymer and Wildsoet, 2005), modulation of this flow could modulate choroidal thickness, if the outflow from the choroid did not match the inflow across the RPE. Because there is also a flow of fluid and solutes from the blood vessels of the choriocapillaris into the tissues and back into the blood vessels, it is unclear whether the flow across the RPE would be large enough to upset this equilibrium.
One group of researchers has advanced the view that, at least in the case of the choroidal expansion that follows restoration of vision after form deprivation, there is a region of hyperosmolarity that moves from the outer retina during form deprivation to the outer choroid after vision is restored (Junghans et al., 1999; Liang et al., 2004) . Electron microscopy shows a sequential thickening of the retina, RPE and lastly the choroid, concurrent with changes in the concentrations of sodium and chloride in these tissues. The fact that these concentrations decrease over the first 72 h of recovery, while choroidal thickness increases is presented as evidence that the choroidal thickening results from edema, and not from a visually driven refractive compensation.
Correlated with these changes in thickness, the basal membrane of the RPE cells has fewer infoldings in the deprived eye, which increase over the time of the restored vision, as do the number of membrane-bound fluid vesicles (Liang et al., 2004) . The authors interpreted these changes as evidence of edema. Furthermore, the fenestrations of the endothelial cells of the lacunae increase in size in the thickened choroids of recovering eyes, consistent with changes in fluid flux (Junghans et al., 1999) . Their interpretation is that the return to emmetropia from form-deprivation myopia represents the re-establishment of normal physiology and ultrastructure, as fluid moves from the vitreous to the choroidal lymphatics, and finally out of the eye, rather than being part of a homeostatic regulation of refractive state.
These findings, however, do not preclude the possibility that the choroidal changes are visually regulated; that is, that they are driven by changes in refractive error, rather than by passive edema. Furthermore, the fact that the choroidal thickness is closely related to lens-induced defocus in both directions, and that there is nearly precise refractive compensation for induced defocus, seriously weakens this hypothesis.
Changes in the tonus of non-vascular smooth muscle
Because the choroid can thin very rapidly, by about 100 mm in 3e4 h in young chicks (Kee et al., 2001) , one is inclined to look for muscular, rather than osmotic, mechanisms. Given that the choroid contains abundant non-vascular smooth muscle, probably controlled by both sympathetic and parasympathetic inputs, the contraction of these muscles might squeeze fluid out of the choroid, thereby thinning it. Thus, we can consider the possibility that the lacunae of the choroid are always somewhat hypertonic and tend to acquire fluid, and this tendency is opposed by the tonus of the non-vascular smooth muscle, so that if they contract, the choroid becomes thinner, whereas if they relax, the choroid becomes thicker. This hypothesis is supported by the finding that drastically lowering the IOP causes choroidal expansion (Abelsdoff and Wessely, 1909) . However, because the non-vascular smooth muscle is not aligned perpendicular to the plane of the choroid, it is also possible that contraction of these muscles facilitate the filling of the lacunae.
While the innervation of the choroidal vasculature has been extensively studied, that of the non-vascular smooth muscle is still poorly understood. However, most evidence indicates that the non-vascular smooth muscle is under dual sympathetic and parasympathetic control. First, in human choroids, non-vascular smooth muscle cells are contacted by axon terminals that are positive for NADPH-diaphorase (a co-factor for NOS), as well as for tyrosine hydroxylase, the catecholamine rate-limiting enzyme (Schrödl et al., 2001b) , suggesting innervation by the pterygopalatine or possibly the ciliary ganglion (although only 1% of these neurons are nitrergic), and the superior cervical ganglion (Poukens et al., 1998) . Second, in birds, tyrosine hydroxylase is colocalized with dopamine-B-hydroxylase in terminals on the nonvascular smooth muscle, the double-localization of which is a marker for post-ganglionic sympathetic input (Schrödl et al., 2001b) . Furthermore, lesions of the superior cervical ganglion result in loss of adrenergic fibers in the choroidal stroma, possibly reflecting an input onto non-vascular smooth muscle (Guglielmone and Cantino, 1982) . In both humans and birds, the presence of terminals labeled for NADPH-diaphorase (Poukens et al., 1998) and nNOS and VIP (May et al., 2004) , indicates innervation from the parasympathetic system, specifically the pterygopalatine ganglion, or the ICNs May et al., 2004) . The direction of action of the parasympathetic innervation is shown by the fact that electrical stimulation of the post-ganglionic axons from the chick ciliary ganglion cause contraction of explant choroids, and this contraction is blocked by atropine but not by curare, showing that acetylcholine causes contraction of at least some choroidal smooth muscle (Meriney and Pilar, 1987) .
The choroid and emmetropization
As the eye develops from birth to maturity it undergoes adjustments of its optical components so that most eyes eventually become emmetropic (focused for objects at distance). It is generally accepted that this "emmetropization" is determined by a combination of environmental (i.e., visual) and genetic influences. When this process goes awry, the eyes develop refractive errors (hyperopia or myopia). In the United States approximately 25% of the population is myopic (Sperduto et al., 1983) while in other societies the vast majority of the educated population is myopic (Lin, 1996) . Understanding the mechanisms underlying emmetropization has direct clinical relevance for the prevention of myopia.
Work with animal models has been crucial in establishing the importance of the visual environment in the regulation of ocular growth (reviews: Wallman, 1993; Norton, 1999; Wallman and Winawer, 2004) . The original findings showed that depriving the eye of form vision by lid-suture or plastic diffusers resulted in excessive ocular elongation and consequent myopia in all species studied (Sherman et al., 1977; Wiesel and Raviola, 1977; Wallman et al., 1978) . The strongest evidence for the visual regulation of eye growth however comes from studies using spectacle lenses to impose defocus on the retina. Chick eyes show nearly complete compensation to both the magnitude and the sign of the defocus while the lenses are worn (Schaeffel et al., 1990; Irving et al., 1992; Wildsoet and Wallman, 1995) : Eyes made functionally myopic with positive lenses (image focused in front of the retina) compensate for the myopia by becoming hyperopic during the period of lens-wear while those made functionally hyperopic with negative lenses (image focused behind the retina) became myopic (Fig. 14) . After the lenses were removed, the eyes compensated in the opposite direction, returning to emmetropia . In chick eyes, the compensatory response has two components: (1) changes in the size of the globe, accompanied by changes in the synthesis of extracellular matrix macromolecules in the sclera (Rada et al., 1991 (Rada et al., , 1992 , and (2) changes in the thickness of the choroid, moving the retina forward in the case of myopic defocus, or backward, in the case of hyperopic defocus Wildsoet and Wallman, 1995) (Fig. 10) . We ask, first, in what ways does the choroid participate in the modulation of ocular growth; and second, what is the relationship between choroidal thickening and inhibition of ocular elongation? Are they independent homeostatic responses to defocus, or does the choroid influence ocular elongation?
Choroidal roles in controlling ocular elongation
In addition to the choroidal thickening and thinning moving the retina towards the plane of focus, the choroid almost certainly also plays a role in the modulation of ocular elongation in response to defocus. We assert this because (a) there are neurons in the retina that respond in opposite directions to the wearing of positive and negative lenses (the expression of ZENK immediate early genes by glucagonergic amacrine cells (Fischer et al., 1999a ) and the synthesis of retinoic acid by unidentified cells (Mertz and Wallman, 2000; McFadden et al., 2004) ); (b) the sclera is not innervated; (c) the signal cascade starting at the retina ends in molecular signals that modulate scleral growth; these must either originate in the choroid or pass through it (review: Wallman and Winawer, 2004) .
We can envision three ways in which the choroid can control the growth of the sclera and hence the length of the eye. First, in response to signals from the retina and RPE, the choroid may secrete growth factors that stimulate or inhibit scleral growth, independent of the choroidal thickness. Second, the thickness of the choroid might intrinsically affect the molecular signals reaching the sclera. This could occur either because the choroid's synthetic activities are related to its thickness, or because a thicker choroid might constitute a greater barrier to signals from the RPE or retina, or because a thicker choroid might act as a sponge, facilitating access of molecules to the sclera. Third, the area of the choroid (that is, its lateral extent) might (mechanically) influence the area of the sclera, and hence the size of the globe. Any or all of these processes may be operative.
Does the size of the choroid determine the size of the eye or vice versa?
To consider the third, and most speculative, hypothesis first, because the sclera defines the size of the globe, and because it is more rigid than the layers within it, it seems reasonable to suppose that the size of the eye is controlled by the biosynthetic and tissue-remodeling activities of the sclera together with the hydrostatic force exerted by the IOP, and that the growth of the other layers (retina, RPE, choroid) responds accordingly. However, this may not be correct. It might be the case that the area of the choroid determines the area of the sclera, and hence the size of the globe.
The plausibility of this explanation rests largely on the work of van Alphen (1986) , who showed that when the entire posterior sclera is removed from post-mortem eyes and normal IOP is applied, the choroid retains the size and shape of the eye. When the IOP was increased, the choroid did not expand like a balloon, increasing its radius of curvature, but rather maintained its normal curvature, like a rigid shell, and expanded backwards, presumably by stretching the ciliary muscle, which attaches the choroid to the anterior part of the eye (Fig. 15) . Furthermore, van Alphen reported that there was normally a small pressure differential across the choroid, presumably as a result of the choroid being under tension from the ciliary muscle. One can envision that if the choroid grew in extent relative to the sclera, this pressure differential would be abolished and the choroid would press against the sclera. This pressure might stimulate biosynthetic changes either in the sclera or in the choroid, perhaps in the lamina fusca, which lies in between the sclera and the vascular choroid. The end-result of the increased pressure might be that the fibroblasts of the sclera reduce their synthesis of proteins and proteoglycans, as occurs when the rate of ocular elongation is increased, both in mammals (tree shrews: Norton and Rada, 1995; McBrien et al., 2000; Moring et al., 2007; monkeys: Rada et al., 2000; Troilo et al., 2006) and birds (Marzani and Wallman, 1997) , thereby increasing ocular elongation.
In birds, the situation is slightly more complicated; the sclera as a whole increases its rate of synthesis of proteoglycans and proteins when the eye accelerates its rate of elongation (Christensen and Wallman, 1991; Rada et al., 1991 Rada et al., , 1992 Rada and Matthews, 1994; Nickla et al., 1997) , because the sclera also contains a cartilaginous layer, the chondrocytes of which respond in the opposite direction as the fibroblasts (Gottlieb et al., 1990; Marzani and Wallman, 1997; Kusakari et al., 2001; Zhu and Wallman, 2009 ). However, because the chondrocytes appear to be controlled by the activity of the fibroblasts (Marzani and Wallman, 1997) , the perichondrial fibroblasts adjacent to the choroid might be the cells that respond to the pressure. A difficulty raised by this conjecture is that it would seem that a thickened choroid would also exert more force on the sclera, and yet choroidal thickening is associated with decreased ocular elongation.
One could also envision the opposite relationship: The choroid could grow to fit the sclera. In this scenario, the same mechanosensory stimulation just mentioned of the choroid pushing up against the sclera could operate to inhibit choroidal expansion, rather than to stimulate scleral expansion. In either case, it seems plausible that the coordination of the growth of the tissues at the back of the eye may be guided by mechanical forces, which modulate the release of growth factors. Other examples of such mechanosensory homeostasis are changes in fibroblast gene expression resulting from mechanical forces on the extracellular matrix (Chiquet et al., 2009 ) and the expression of growth factor receptors being modulated by mechanical factors during angiogenesis (Mammoto et al., 2009 ).
Are the choroidal and scleral responses independent?
The general association of choroidal thinning with acceleration of ocular elongation and of choroidal thickening with slowed ocular elongation raises the question of whether these two processes are causally linked. That is, does the choroid have a single phenotype or physiological state that determines both whether the choroid thickens or thins and whether ocular elongation (and therefore, scleral growth) is stimulated or inhibited, or are the two responses independent? 4.1.2.1. Evidence for independent responses. In support of the independence of the choroidal thickening and scleral modulating responses there are several studies that show differential effects of particular visual conditions on the two responses. For example, when the eye receives myopic defocus from positive lenses for brief but infrequent periods (darkness for the rest of the time), there is inhibition of axial growth, without choroidal thickening. Conversely, when the eye receives hyperopic defocus from negative lenses for brief but infrequent periods, there is choroidal thinning without axial elongation (Winawer and Wallman, 2002) . Furthermore, if a light diffuser is put over a positive lens, this eliminates the choroidal thickening that the positive lens would normally provoke, but with no effect on the lens-induced inhibition of ocular elongation (Park et al., 2003) . Most provocatively, if chicks wear lenses in dim blue or red light, such that only the shortwavelength-sensitive cones or long-wavelength-sensitive cones are stimulated, the eyes compensate in both cases in terms of refractive status, but only the choroid thickness changes in the case of the red light, and only the ocular length changes in the case of the blue light (Rucker and Wallman, 2008) .
Although these examples are certainly compatible with separate visual signals guiding the choroidal and scleral responses, they could also indicate that the same visual signals are integrated differently, so that visual signal are more effective in thinning than thickening the choroid, and in decelerating than accelerating ocular elongation. When tested explicitly by giving episodes of lens-wear at a range of different durations and intervals (with darkness in between), the major result was that episodes of positive lens-wear had a four times more enduring effect on inhibiting ocular elongation than on thickening the choroid, whereas episodes of negative lens-wear had an eight times more enduring effect on thinning the choroid than on accelerating ocular elongation (Zhu and Wallman, 2009) .
While the integration of these episodes of lens-wear could be occurring in either the retina, the RPE or the choroid, the implication of the differential action on choroid and sclera might be that the same signals act differently on different tissues, depending on their intensity and time course. The implication of different temporal requirements for the effects of negative versus positive lenses might be that the signals controlling the thickening versus thinning of the choroid are different from those controlling the acceleration versus deceleration of the ocular elongation, or it might simply imply that some signals are easier to turn up than to turn down, or vice versa. For example, one can imagine a brief episode of lens-wear causing an increase in transcription of a gene, resulting in a long-lasting increase in a peptide, whereas a decrease in the same peptide might require a more continuous expression of a molecule that degrades the peptide or its mRNA.
Evidence for choroidal thickness modulating ocular elongation.
The preceding section has shown that the usual linking of changes in choroidal thickness and rate of ocular elongation can be disrupted by experimental manipulations. However, more recent work has shown that brief exposure to myopic defocus causes transient thickening of the choroid, lasting only hours (Nickla, 2007) , which therefore would not be detected in the usual experiments, such as those in the preceding section in which eyes are measured at the start and end of the experiment. Because brief exposure to myopic defocus has an effect on the rate of ocular elongation that is over 10 times more enduring than the effect of hyperopic defocus (Zhu and Wallman, 2009) , it may be that the transient episodes of choroidal thickening are responsible for the enduring effect of brief periods of myopic defocus.
4.1.2.2.1. The enduring effects of brief episodes of myopic defocus and transient choroidal thickening. It is known that long periods of form deprivation can be largely overridden by brief daily periods of either unrestricted vision (Napper et al., 1995) , or myopic defocus (Winawer and Wallman, 2002; Nickla, 2007) , suggesting a long time-constant for myopiagenic stimuli. Similarly, negative lenses need to be worn nearly continuously to produce myopia in chicks (Schmid and Wildsoet, 1996; Winawer and Wallman, 2002) , tree shrews (Shaikh et al., 1999) and macaques (Kee et al., 2007) . On the other hand, if a chick living in a normal visual environment wears a positive lens for only 2 min four times a day, hyperopia and a slowing of ocular elongation results (Zhu et al., 2005) . Consistent with this asymmetry between signs of defocus, when negative and positive lenses are alternated, brief periods of positive lens-wear balance out much longer periods of negative lens-wear (Winawer and Wallman, 2002; Zhu and Wallman, 2009 ). The developmental utility of it being easier to halt ocular elongation than to accelerate it might be to prevent the development of myopia from transient visual disturbances (such as periods of near vision with hyperopic defocus because of accommodative lag), given that the eye can correct its refractive error more easily by growing than by shrinking.
Because even 10 min of myopic defocus induces transient choroidal thickening within an hour (Zhu et al., 2005) , perhaps this transient thickening causes the ensuing longer-lasting ocular growth inhibition. This hypothesis is supported by the finding that several daily visual manipulations that block myopia also cause transient choroidal thickening. Specifically, whether the myopiagenic stimulus was form deprivation or negative lens-wear, myopia was inhibited by 2 daily hours of unrestricted vision or by 1 daily hour of stroboscopic illumination, both of which produced transient choroidal thickening within 3 h (Fig. 16) (Nickla, 2007) that tapered off over the ensuing 24 h. Similarly, if the myopia caused by constant darkness was inhibited by either a half hour per day of myopic defocus, 2 min per hour per day of myopic defocus, or one daily hour of unrestricted vision, again, all three stimuli resulted in transient choroidal thickening (Nickla, 2007) . Interestingly, in the one case in which the stimulus was ineffective in myopia prevention (dark-reared birds with infrequent wearing of positive lenses) there was no transient choroidal thickening.
4.1.2.2.2. Pharmacological treatments affecting both choroidal thickening and ocular elongation. In the following sections, we will discuss pharmacological manipulations that affect ocular elongation and myopia. It is striking to what extent the same molecules affect both the choroidal thickness and the rate of ocular elongation. In the case of molecules that exert their effect on the retina, this is not surprising because it may affect the production of molecular signals that direct both the choroidal and scleral effects. However, drugs affecting nitric oxide, which is known to act on the choroid, also have linked effects on transient choroidal thickening and on ocular elongation. The overall pattern is that molecules that affect ocular elongation also affect choroidal thickening in a consistent manner, suggesting that the two response mechanisms of the choroiddthickening and secretorydare linked.
The choroid as a secretory tissue: evidence for a direct role in ocular growth
Because of the vascular nature of the choroid, it is not surprising to find choroidal synthesis of growth factors involved in angiogenesis, such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF) and hepatocyte growth factor (HGF) (Hu et al., 2009) , as well as signal molecules involved in functions such as extravasation and vasomotor changes. In addition, several of the matrix metalloproteases (MMP1, MMP2, MMP3, MMP9) and their tissue inhibitors (TIMP3) are synthesized in the choroid (Janssen et al., 2008) and mediate changes in neovascularization, which may be involved in the etiology of diseases such as AMD. Apart from these vascular-related signal molecules, however, the choroid has been largely ignored as a potential source of growth factors/signal molecules related to other ocular functions. We put forth the hypothesis that the choroid contains secretory cells which function in the visual regulation of ocular growth, by influencing the biosynthetic activity of the sclera.
One of the first investigations providing evidence that choroidal cells secrete growth factors acting on other tissues demonstrated that trophic factors from the choroid were necessary for the development and survival of the ciliary ganglion neurons (Wentzek et al., 1993) . That neuronal survival was also promoted by the smooth muscle from avian amnion suggested that the choroidal smooth muscle was the source of the trophic molecules. Furthermore, when dissociated ciliary neurons were grown in culture, their axons contacted smooth muscle cells, strengthening the hypothesis that these were the source; ciliary neurons were not rescued in medium conditions which promoted a de-differentiation of smooth muscle into a non-contractile phenotype. The results of using molecular weight cut-off filters determined that the trophic molecule was over 10 K; possible candidates were ciliary neurotrophic factor (CNTF), growth-promoting activity (GPA), or platelet-derived growth factor (PDGF). Subsequent work has supported a primary role for GPA in this rescue effect (Nishi, 1994) .
The 15 intervening years have yielded other potential signal molecules, involved in a number of ocular functions. For example, a study of rat eyecups in superfusion culture which used successive tissue layer ablations demonstrated that the choroid secretes large amounts of tissue plasminogen activator (t-PA) (Wang et al., 1995) . Moreover, the source of the t-PA must be extravascular, because the plasma contains much lower amounts than that released into the superfusate. t-PA cleaves plasminogens to plasmin, a protease which degrades extracellular matrices, and which activates other mediators of matrix degradation such as the metalloproteinases and collagenases (review: Smalley et al., 1994) . It was hypothesized that the choroid is the major source of t-PA in aqueous and vitreous humors, and may influence outflow resistance and regulate fluid flux between the anterior chamber and the outflow pathways. We postulate that t-PA might play a role in the scleral matrix remodeling that occurs during the development of myopia.
Another signal molecule synthesized in the choroid is transforming growth factor-b (TGF-b), a cytokine found in the endothelial cells of the vessels (TGF-b1) and in the extravascular stroma (TGF-b2 and TGF-b3) of the human eye (Lutty et al., 1993) , that has a myriad of functions, ranging from cell proliferation and differentiation, to extracellular matrix remodeling, to immune regulation. All three isoforms are found in the choroid of the tree shrew eye ) and TGF-b2 is found in the choroid of the chicken eye (Simon et al., 2004) . There is evidence that this molecule plays a role in the visual regulation of ocular growth because it counters the growth inhibitory effects of bFGF (Rohrer and Stell, 1994) and is found in greater amounts in the ocular tissues of form-deprived chicken eyes (Seko et al., 1995) , supporting the hypothesis that it is a growth stimulator. However, another study found that choroidal levels of TGF-b2 mRNA are rapidly and significantly decreased in eyes wearing negative lenses (Simon et al., 2004) . It is possible that the tissue-specific isoforms of TGF-b have different effects within the different tissues and do not act as part of the signal cascade between retina, choroid and sclera ). This is supported by the finding that the levels of the three isoforms did not change in the choroid or the retina of tree shrews during the development of form-deprivation myopia (Jobling et al., 2009 ). Three studies have shown that choroidal state influences scleral growth. The first involved co-culturing scleral tissue with choroids from eyes that were either recovering from myopia and so had decreased their rate of elongation, or were responding to form deprivation and so had increased their rate of elongation. Scleras co-cultured with the choroids from slow-growing eyes showed significantly decreased scleral glycosaminoglyscan (GAG) synthesis (a reliable indicator of the rate of growth of the eye (Rada et al., 1991 (Rada et al., , 1992 Rada and Matthews, 1994 )) compared to normal eyes, whereas those co-cultured with choroids from fast-growing eyes showed an increase in GAG synthesis (Fig. 17) , suggesting that the state of the choroid influences scleral growth (Marzani and Wallman, 1997) .
Second, choroids isolated from eyes whose elongation had been inhibited by either positive lenses or the removal of diffusers synthesized three times as much retinoic acid in culture as did normal choroids, and choroids from eyes elongating rapidly because they were wearing either negative lenses or diffusers synthesized one-fifth as much retinoic acid as normal choroids (Fig. 18) (Mertz and Wallman, 2000) . In fact, the rate of retinoic acid synthesis in normal choroids (Mertz and Wallman, 2000) is higher than in the retina or liver, major sources of retinoic acid (Blaner and Olson, 1994) . Furthermore, treating scleral tissue in culture with retinoic acid caused a dose-dependent inhibition of GAG synthesis (Mertz and Wallman, 2000) . Finally, the choroid synthesizes the enzymes involved in retinoic acid synthesis and contains the proteins involved in transporting it (Fischer et al., 1999b) . All the above is strong evidence for a role for retinoic acid in ocular growth regulation and for the choroid being the source of the retinoic acid. The questionable part of this nice story is that although scleral proteoglycan synthesis decreases within the first day of positive lens-wear and retinoic acid synthesis increases (Mertz and Wallman, 2000) , the choroids from these eyes do not inhibit scleral GAG synthesis in culture until two days later (Summers Rada and Folger, 2009) .
Third, significantly more ovotransferrin is released into the culture medium from choroids of eyes with their axial elongation inhibited by the removal of diffusers than from choroids of normal eyes, and ovotransferrin also inhibits GAG synthesis by scleral punches in culture (Rada et al., 2001) . Finally, another molecule associated with ocular growth inhibition is avian thymic hormone, the mRNA of which was upregulated in the choroids of eyes one day after removal of the diffuser (myopic defocus), and the protein of which was upregulated three days later (Rada and Wiechmann, 2009 ). This upregulation approximately temporally corresponds to the increase in choroidal thickness and vascular permeability associated with the decrease in growth rate on day four.
Pharmacological effects on choroidal thickness and ocular elongation
To clarify whether the choroidal thickness and ocular elongation components of compensation for defocus are intrinsically linked, we will consider the effect of three molecular signals known to be important in ocular physiology. One of theseddopaminedis likely to have its action on retinal neurons, although it may have choroidal actions as well. Anotherdacetylcholinedmay act on a variety of ocular tissues, including the choroid. The thirddnitric oxidedis most likely to have its principal actions on the choroid. In each case, agonists and antagonists of the signaling molecules affect both choroidal thickness and the rate of ocular elongation in a consistent manner.
4.2.1. Dopamine 4.2.1.1. Evidence for a role in emmetropization. The potential role of dopamine, a neuromodulator synthesized by amacrine and Conditions that increase ocular elongation (form deprivation and negative lens-wear) result in significant decreases in choroidal retinoic acid synthesis, whereas conditions that inhibit ocular growth (removing the diffuser, and positive lens-wear) result in significant increases in retinoic acid synthesis. Reproduced with permission from Mertz and Wallman, 2000 Ó Elsevier. interplexiform cells, in the signal cascade mediating emmetropization has been the subject of interest and debate for about 20 years (Stone et al., 1989; Iuvone et al., 1991; Rohrer et al., 1993) . The initial interest was sparked by the finding that dopamine was decreased in the retinas of form-deprived eyes (Stone et al., 1989) and negative lens-wearing eyes (Guo et al., 1995) and increased in retinas of eyes recovering from form-deprivation myopia (Pendrak et al., 1997) . Interestingly, only daytime levels of dopamine were affected, suggesting the involvement of a circadian component. Furthermore, the development of both form-deprivation myopia (Stone et al., 1989; Iuvone et al., 1991; Rohrer et al., 1993) and lens-induced myopia (Schmid and Wildsoet, 2004) was inhibited by the administration of the non-specific dopamine agonist apomorphine, further supporting a role for dopamine in ocular growth inhibition. The D2 receptor agonist quinpirole, but not the D1 receptor agonist SKF-38393, inhibited the development of myopia in eyes wearing diffusers or negative lenses, suggesting that the site of action was on the D2 receptors in the retina rather than the D1 receptors on RPE cells (Schaeffel et al., 1995) . Accordingly, the D2 receptor antagonist sulpiride enhanced deprivation myopia (Schaeffel et al., 1995) and prevented brief periods of daily vision from blocking the development of deprivation myopia (McCarthy et al., 2007) , consistent with the idea that dopamine is required for this inhibition of excessive growth.
However, other studies using dopaminergic agents have yielded conflicting results that make this interpretation problematic (Schaeffel et al., 1995) . For instance, intravitreal injections of haloperidol, a dopamine antagonist, suppressed the development of deprivation myopia (Stone et al., 1989) . Similarly, 6-hydroxy-dopamine, a neurotoxin that depletes catecholamine levels, reduced the development of deprivation myopia (Li et al., 1992) and did not alter the response to lens-wear (Schaeffel et al., 1994) . The same was true of reserpine, a depletor of both dopamine and serotonin (Schaeffel et al., 1995) .
Despite these problematic issues, dopamine is still a potential candidate in ocular growth regulation (McCarthy et al., 2007) . Furthermore, it has been shown that dopamine stimulates the production of nitric oxide (Melis et al., 1996) , another potential growth candidate molecule synthesized in the choroid, making it possible that dopamine is part of the signal cascade upstream of the choroidal changes. It is also possible, however, that there is an as yet unknown source of dopamine in the chicken choroid: the colocalization of dopamine-b-hydroxylase and tyrosine hydroxylase in nerve terminals in the duck choroid indicates that dopamine is synthesized as an intermediate product in the biosynthesis of noradrenaline, but in the chicken choroidal terminals, dopaminebeta-hydroxylase appears to be absent, suggesting the possibility that dopamine rather than noradrenaline might be the transmitter for these neurons (Falk Schrödl, personal communication) .
4.2.1.2. Effects on choroidal thickness and ocular elongation. If dopamine were part of the signal cascade mediating ocular growth inhibition, and if it acted upstream of the choroid, then injections of the effective agonists should cause transient increases in choroidal thickness, similar to the effects induced by 2 h of myopic defocus or removing the diffuser or negative lens. Intravitreal injections of both apomorphine (a non-specific agonist) and quinpirole (a D2 agonist), both effective inhibitors of myopia, into eyes wearing negative lenses produced significant transient increases in choroidal thickness (Fig. 19 ) that were associated both with the inhibition of axial elongation and the resultant myopia (Dhillon and Nickla, 2008) . The D1 agonist SKF-38393, which did not prevent the development of myopia, also did not elicit choroidal thickening (Dhillon and Nickla, 2008) . Together these results support a role for dopaminergic D2 receptor-mediated mechanisms, and choroidal thickening, in ocular growth inhibition.
4.2.2. Acetylcholine 4.2.2.1. Evidence for a role in emmetropization. Atropine, a nonspecific muscarinic acetylcholine antagonist, has long been known to inhibit the development of myopia in humans (Bedrossian, 1971; Shih et al., 1999a; Kennedy, 1995; Kennedy et al., 2000) , and to prevent form-deprivation myopia in several species (chicks: Stone et al., 1991; McBrien et al., 1993b; Schmid and Wildsoet, 2004; Schwahn et al., 2000; Luft et al., 2003; tree shrews: McKanna and Casagrande, 1981; monkeys: Young, 1965; Raviola and Wiesel, 1985; Tigges et al., 1999) . The effect is believed to be mediated by M1 or M4 receptors, because pirenzepine (M1 and M4 antagonist) is also effective McBrien et al., 1993a,b; Leech et al., 1995; Cottriall and McBrien, 1996; Schwahn et al., 2000; Luft et al., 2003) . Of a large number of muscarinic antagonists examined, only pirenzepine and oxyphenonium (non-selective), but not scopolamine (M1) were effective in inhibiting axial elongation in response to form deprivation in chicks (Luft et al., 2003) . Because M1 receptors are reportedly absent in chicks, it is likely that pirenzepine acts on M4, rather than M1 receptors .
It is unclear on what tissue of the eye atropine acts to exert its anti-myopiagenic effects. Contrary to the early views, the suppression of myopia by atropine does not depend on its cycloplegic action, as atropine is also effective in preventing myopia in birds McBrien et al., 1993b) , in which the ciliary muscle, being striated, is nicotinic, and in a non-accommodating mammal (McBrien et al., 1993a) . The view that it acts at the retinal level is not supported, as lesions of cholinergic retinal neurons do not alter the effects of form deprivation, nor do they affect the inhibitory influence of atropine (Fischer et al., 1998) . It is possible that atropine has an indirect retinal action, by causing the release of dopamine or other neurotransmitters, or by inducing spreading depression in the retina (Schwahn et al., 2000) . Finally, evidence in tree shrews (Cottriall et al., 2000) , guinea pigs (Liu et al., 2007) and chicks (Lind et al., 1998) indicate that the site of action may be scleral: form deprivation causes an increase in the expression of M1 and M4 receptor mRNA in the guinea pig sclera (Liu et al., 2007) . choroidal thickening of approximately 75 mm (Nickla and Cheng, 2009) , whereas dicyclomine, which did not prevent the excessive growth (Luft et al., 2003) , had no effect on choroidal thickness (Nickla and Cheng, 2009) . If the muscarinic system is involved in both the choroidal and the growth responses, then agonists should have the effect of thinning the choroid and increasing ocular growth. In a pilot experiment, the non-specific agonist carbachol was injected into normal eyes, and produced choroidal thinning by 3 h; this effect was dose-dependent (unpublished data).
4.2.3. Nitric oxide 4.2.3.1. Evidence for a role in emmetropization. Nitric oxide is a gaseous neurotransmitter that relaxes smooth muscle by stimulating guanylyl cyclase to make cGMP, and is a potent vasodilator. In vertebrate eyes, it is present in retinal neurons (Fischer and Stell, 1999) , RPE (Goldstein et al., 1996) , intrinsic choroidal neurons (Flugel et al., 1994; Bergua et al., 1996; Schrödl et al., 2000 Schrödl et al., , 2004 , and in terminals from the parasympathetic ciliary (Sun et al., 1994; Nilsson, 1996) and pterygopalatine ganglia (Yamamoto et al., 1993a, b; Cuthbertson et al., 1997) . Therefore, if the non-vascular smooth muscle cells in the choroid oppose the tendency of the lacunae to gain fluid via osmotic forces, it seems likely that nitric oxide is involved because NOS-positive axon terminals are found on these cells. Perhaps nitric oxide determines the degree of contraction. Unlike other neurotransmitters, nitric oxide is synthesized immediately before release. There are three isoforms of the enzyme nitric oxide synthase. The neuronal form, nNOS, and the endothelial form, eNOS (formerly known as endothelium-derived relaxing factor) are activated by calcium binding to calmodulin, and the activation is short-lived, appropriate for involvement in short-term physiological phenomena. The inducible form, iNOS, is controlled at the level of transcription and is much longer-lasting, being involved in immune responses and in pathologies such as retinal ischemias (reviews: Snyder and Bredt,1992; Dawson and Snyder,1994; Stewart et al.,1994; Goldstein et al., 1996) . 4.2.3.2. Effects on choroidal thickness and ocular elongation. Inhibiting the formation of nitric oxide using NOS inhibitors prevents the increase in choroidal thickness normally induced by myopic defocus. When the non-specific NOS inhibitor L-NAME (Nickla and Wildsoet, 2004) or L-NMMA ) was injected into eyes receiving myopic defocus by either positive spectacle lenses or by having the diffuser removed from a form-deprived eye, the choroid did not increase in thickness (Fig. 20) . This effect is transient, lasting about 24 h, and dose-dependent (Nickla and Wildsoet, 2004) . Interestingly, blocking the synthesis of nitric oxide also blocks the defocus-induced inhibition of axial growth in these eyes, supporting the hypothesis that choroidal thickening is causally linked to the ocular growth inhibition (Nickla and Wildsoet, 2004; Nickla et al., 2006) . Furthermore, if the NOS inhibitor was injected several hours after the defocus-induced thickening of the choroid had taken place, there was no effect on the rate of ocular elongation, linking the choroidal and axial responses . Finally, if L-NAME was injected prior to giving form-deprived eyes brief daily periods of unrestricted vision over the course of 4 days (which normally inhibits the development of deprivation myopia), thus preventing the transient daily increases in choroid thickness (Fig. 21A) , the eyes did develop axial myopia (compare L-NAME to saline, Fig. 21B ) . L-NAME also prevented the increase in choroidal . The effects of L-NAME on choroidal thickness (A) and refractive error (B) when given prior to brief daily periods of vision over 4 days, during the development of form-deprivation myopia. A. The change in choroidal thickness measured after 2 h of vision. L-NAME prevented the thickening in response to vision (L-NAME vs saline). B. L-NAME prevented the inhibitory effects of vision on the development of myopia: eyes become significantly more myopic than saline controls. Reproduced with permission from Nickla et al., 2006 Ó Elsevier.
synthesis of retinoic acid normally produced by myopic defocus (Nickla and Mertz, 2003) , linking these molecules in the signal cascade. The tight temporal association between the effect of L-NAME on the choroid and its subsequent effect on ocular growth implies either that nitric oxide participates in the choroidal thickening, which in turn inhibits ocular elongation, or that nitric oxide participates in the retinal processing of the myopic defocus. There is no evidence for nitric oxide acting directly on the sclera. The localization of NOS to retinal neurons, intrinsic choroidal neurons and axon terminals from the autonomic nervous system makes it possible that any one of the three isozymes might be involved. If relaxation of the non-vascular smooth muscle contributes to choroidal thickening, nNOS might be the relevant one, as both the intrinsic choroidal neurons and the pterygopalatine terminals are positive for nNOS, and both contact non-vascular smooth muscle cells (Poukens et al., 1998; Schrödl et al., 1998) . If the response is mediated by changes in vascular permeability, and/or changes in blood flow, then eNOS would be the likely candidate. The transient nature of the choroidal response (i.e. less than 24 h (Nickla and Wildsoet, 2004) ) makes it unlikely that iNOS is involved. A test of several more specific inhibitors showed that only the nNOS inhibitor N-u-propyl-L-arginine, but not the inhibitors more specific for eNOS or iNOS, behaved similar to L-NAME in blocking the defocus-induced choroidal thickening (Fig. 22A) , the defocus-induced refractive hyperopia (Fig. 22B ) and the defocus-induced growth inhibition ( Fig. 22C) . To summarize, the results of these studies suggest that (1) NO from a neuronal source may underlie the thickening of the choroid, possibly by changing the tonus of the non-vascular smooth muscle, and (2) NO may be part of the signal cascade mediating growth inhibition in response to myopic defocus.
Implications of these pharmacological effects
It is striking that these three very different signaling molecules all affect both choroidal thickness and the rate of ocular elongation. Because the three molecules are unlikely to act with the same time course and because it is unlikely that all three molecules act on the same cells, these results are further evidence that there is a causal link between the choroidal thickness response system and the control of ocular elongation.
The diurnal rhythm in choroidal thickness and ocular growth
As mentioned above, the thickness of the chicken choroid shows diurnal oscillations, thickening during the night and thinning during the day (Nickla et al., 1998; Papastergiou et al., 1998) , in approximate anti-phase to the diurnal rhythm in axial elongation. Both rhythms free-run in darkness and so are driven by an endogenous circadian oscillator, rather than being a response to darkness and light (Nickla et al., 2001) . Furthermore, isolated scleral tissue exhibits a circadian rhythm of proteoglycan synthesis that continues for days, indicating the existence of an oscillator within the sclera (Nickla et al., 1999) .
The most provocative aspect of these studies is that the phase difference between the rhythms of choroidal thickness and ocular elongation predicts the rate at which the eye elongates: the phase difference shifts in one direction (towards anti-phase) in eyes becoming myopic and elongated, and it shifts in the opposite direction (towards being in phase) in eyes becoming hyperopic with elongation inhibited (Nickla et al., 1998) . Indeed, when rhythms were measured in eyes subjected to myopic and hyperopic defocus by the wearing of spectacle lenses, the phase differences between the rhythms of choroidal thickness and axial length in individual animals predicted the growth rate on the following day ( Fig. 23) (Nickla, 2006) . Also, the young, faster-growing eyes of juvenile marmosets have axial and choroidal rhythms in approximate anti-phase while the slower-growing eyes of adolescents have phases that are closer together (Nickla et al., 2002) , similar to the pattern in fast versus slower-growing eyes of chicks. The recent description of diurnal rhythms in axial length (Stone et al., 2004) and choroidal thickness (Brown et al., 2009) in humans lends credence to the notion that these rhythms are evolutionarily conserved, and possibly important in the control of eye growth.
We hypothesize that the mechanism underlying this phasedependent growth modulation may be that the thickness of the choroid is directly associated with the production of a growth signal, either inhibitory or excitatory (Marzani and Wallman, 1997; Mertz and Wallman, 2000; Rada et al., 2001; Rada and Wiechmann, 2009 ), which acts most strongly at a particular phase of the scleral cell's growth cycle. Alternatively, choroidal thickness may influence the ability of a signal molecule from the retina or RPE to reach the sclera, again acting most strongly at a particular phase of the growth cycle.
Significance to human refractive disorders
The reasons behind the high incidence of myopia, particularly among educated people, remain obscure. The finding that animals can be made myopic by presenting them with hyperopic defocus by spectacle lenses argues that refractive error is under homeostatic control. Because the eye can alter its growth even if the optic nerve is severed, it follows that the retina is able to detect the sign of the defocus and control the eye's growth. Because chemical signals from the retina must pass through the choroid to reach the sclera, and because the choroid produces growth-modulating molecules in response to visual conditions, it seems clear that the choroid plays an important role in the homeostatic control of refractive error, and therefore is likely important to understanding the etiology of myopia.
Despite decades of work, there is no effective prophylaxis against childhood myopia other than atropine, which has undesirable side effects, and perhaps contact lenses that reshape the cornea. The possibility that ocular elongation is directly modulated by the choroid opens up another avenue of treatment, which is potentially less dangerous than interfering with the retina. In particular, if nitric oxide in required for choroidal expansion and, consequently, for inhibition of ocular elongation, rather benign treatments might be possible that would increase the nitric oxide synthase activity and, perhaps, reduce ocular elongation and therefore myopia.
Future directions
In this review, we have tried to bring together the literature bearing on the unusual aspects of the anatomy and function of the choroid. The knowledge concerning most of these aspects remains incomplete and hypotheses about choroidal functions remain tentative. In these final paragraphs, we will point to some research directions that might prove useful.
The most puzzling component of the choroid is the lamina fusca, about which nearly nothing is known. It would be interesting to assess what it secretes, either by in situ hybridization or by dissecting it out and assessing the messenger RNAs or proteins produced. Alternatively, the possibility of its being a mechanosensory tissue could be assessed by electrophysiological recording. Similarly, electrophysiological recording from the nearly equally unknown intrinsic choroidal neurons might reveal whether they respond to osmotic or mechanical forces.
The non-vascular smooth muscle might act either to thin or thicken the choroid or to alter blood flow. Directly stimulating the motor nerves innervating it, either in vivo or in vitro might clarify its function.
The dramatic ability of the choroid to thin and thicken demands an explanation of the underlying mechanism. We considered three possibilities: If synthesis of osmotically active molecules in the choroid modulates its thickness, clarifying the contents of the lacunae by histology or by microanalysis under thickened and thinned conditions might ascertain the plausibility of this potential mechanism. The possibility that choroidal thickness is modulated by changes in vascular or lymphatic permeability might be addressed by manipulating water and ion channels. Although modulation of uveoscleral outflow of aqueous humor seems unlikely to be the only mechanism of changing choroidal thickness given that the choroid can be made to thicken or thin in vitro, and that local regions of the choroid thicken if the adjacent retina is made myopic, it would be informative to measure uveoscleral outflow during visual circumstances that cause the choroid to thicken or thin.
Much of this review has been devoted to the relationship of the choroid to emmetropization. We have considered the possibility that the area of the choroid may determine the size of the globe more than the sclera does. If this is so, one should be able to measure evidence of vascular growth preceding scleral enlargement. We have discussed the evidence for the choroid being a secretory tissue thereby directing the growth of the sclera. A more complete analysis of what the choroid secretes under different eyegrowth conditions awaits experimentation. Finally, we discussed the possibility that the choroidal thickening may intrinsically determine the growth-altering molecules presented to the sclera. Perhaps this could be explored by altering the choroidal thickness pharmacologically in vitro and either assessing the effect of the tissue culture medium conditioned by thick or thin choroids on scleral tissue or measuring alterations in the secretion of candidate molecules such as retinoic acid, transforming growth factor beta or transferrin under thick and thin conditions.
Last of all, we discussed the fact that choroidal thickness changes over the course of the day in both birds and humans. We discussed evidence that the phase of this cycle may predict the rate of subsequent ocular elongation, conceivably by linking the secretion of some growth factor to a period of scleral responsiveness to that growth factor. This might be explored by treating scleral tissue with choroid-conditioned medium collected at different times of day.
The question in the background throughout this review is how evolutionarily conserved are these various choroidal functions. Although the choroidal thickness changes are not as dramatic Fig. 23 . Phase differences and growth rates in chicks exposed to myopic and hyperopic defocus induced by spectacle lenses. Mean ocular growth rate (mm/24 h) as a function of the mean difference in phase on the preceding day, between the rhythms in axial length and choroidal thickness. The correlation is significant at p < 0.05. Reproduced with permission from Nickla, 2006 Ó Springer. in mammals as in birds, they seem to occur in the same circumstances, and three of the unusual features of choroid dintrinsic choroidal neurons, endothelium-lined lacunae, and non-vascular smooth muscle cells, occur in both birds and humans. How deep these similarities extend remains a question for the future.
